The transcriptional coactivators Mediator and two histone acetyltransferase (HAT) complexes, NuA4 and SAGA, play global roles in transcriptional activation. Here we explore the relative contributions of these factors to RNA polymerase II association at specific genes and gene classes by rapid nuclear depletion of key complex subunits. We show that the NuA4 HAT Esa1 differentially affects certain groups of genes, whereas the SAGA HAT Gcn5 has a weaker but more uniform effect. Relative dependence on Esa1 and Tra1, a shared component of NuA4 and SAGA, distinguishes two large groups of coregulated growth-promoting genes. In contrast, we show that the activity of Mediator is particularly important at a separate, small set of highly transcribed TATA-box-containing genes. Our analysis indicates that at least three distinct combinations of coactivator deployment are used to generate moderate or high transcription levels and suggests that each may be associated with distinct forms of regulation.
Nucleosomes are generally considered impediments to various DNA-related processes. One mechanism used by cells to counteract this repressive property of nucleosomes is post-translational modification of histone tails, such as histone acetylation, which has long been recognized to influence transcription (Kouzarides 2007) . In higher eukaryotic cells, conditions that lead to massive perturbations of gene expression, such as developmental cues or cancer, are accompanied by modifications in the histone acetylation pattern on both enhancers and promoters (Gong et al. 2016; Kinnaird et al. 2016; Podobinska et al. 2017) . Similarly, in yeast, variation in growth conditions and environmental stress induce changes in gene expression concomitant with alterations in the histone acetylation state at gene promoters (Kuang et al. 2014; Weiner et al. 2015) .
Histone acetylation states result from the antagonistic action of two classes of enzymes: histone acetyltransferases (HATs; or lysine acetyltransferases [KATs] ) and histone deacetylases (HDACs). In Saccharomyces cerevisiae, there are two main HATs: Esa1 and Gcn5. Esa1 (TIP60/KAT5 in humans) is the only essential HAT in yeast and is part of the NuA4 complex (Allard et al. 1999) , whereas Gcn5 is a nonessential HAT that belongs to the SAGA complex (Grant et al. 1997 ). While Esa1 is mainly responsible for acetylation of histones H4 and H2A (Boudreault et al. 2003; Xu et al. 2016) , Gcn5 acetylates almost exclusively histone H3 (Suka et al. 2001) . Early studies measuring steady-state mRNA levels in esa1 temperature-sensitive mutant strains have hinted at a specific role at ribosomal protein genes (RPGs) (Reid et al. 2000; Rohde and Cardenas 2003) or pointed to more global effects on transcription (Durant and Pugh 2007) .
On the other hand, Gcn5 has been reported to play an important role in transcription of only ∼10% of yeast genes, the so-called "SAGA-dominated genes" (Huisinga and Pugh 2004) . These genes are primarily stress-induced and contain a consensus TATA-box sequence in their promoters, in contrast to the "TFIID-dominated genes," which lack a well-defined TATA box (Huisinga and Pugh 2004; Bhaumik 2011) . Nevertheless, even in these early studies, double-mutant analysis indicated that most genes use both TFIID and SAGA. This view has been reinforced by recent studies using more direct measures of transcription that implicate both Gcn5 and SAGA in the activation of nearly all yeast genes (Bonnet et al. 2014; Baptista et al. 2017) , consistent with the observation that SAGA, similar to NuA4, binds to the upstream activating sequences (UASs) of most yeast genes (Ohtsuki et al. 2010; Bonnet et al. 2014; Kuang et al. 2014; Baptista et al. 2017) .
Both SAGA and NuA4 are large complexes organized in at least two main modules: a HAT module that contains the catalytic activity (Gcn5 and Esa1, respectively) and a recruitment module responsible for binding of the complex to at least some promoters (Chittuluru et al. 2011; Lee et al. 2011) . Interestingly, the recruitment modules of SAGA and NuA4 contain a single common subunit: the essential protein Tra1 (TRRAP in mammalian cells) (Brown et al. 2001 ). However, both Gcn5 and Esa1 can bind promoters in the absence of the recruitment module in two different complexes: the ADA complex for Gcn5 and the Piccolo-NuA4 (picNuA4) complex for Esa1 (Grant et al. 1997; Boudreault et al. 2003) .
Mediator is an additional highly conserved large multisubunit coactivator complex proposed to play a genomewide role in stabilizing the preinitiation complex (PIC) by mediating interactions between general transcription factors (GTFs) and the RNA polymerase II (RNAPII) holoenzyme (Allen and Taatjes 2015; Soutourina 2018) . Conditional inactivation or degradation of essential Mediator subunits (Esnault et al. 2008; Ansari et al. 2009; Plaschka et al. 2015; Warfield et al. 2017) or weakening of a Mediator interaction with the Rpb3 subunit of RNAPII (Soutourina et al. 2011 ) has widespread effects on transcription in growing cells. In addition, several studies reported a role for Mediator together with SAGA in activation of inducible genes (Bhoite et al. 2001; Bryant and Ptashne 2003; Govind et al. 2005 ; Leroy et al. 2006) . The possibility that promoter histone acetylation influences Mediator binding has not been addressed, although in vitro studies suggest that Mediator binding could be partially dependent on histone acetylation (Zhu et al. 2011; Liu and Myers 2012) .
Here we investigated the importance of histone acetylation for transcription in optimal growth conditions and for regulation following oxidative stress in the budding yeast S. cerevisiae. By carrying out RNAPII ChIP-seq (chromatin immunoprecipitation [ChIP] combined with highthroughput sequencing) analysis in cells in which either Esa1 or Gcn5 was depleted from the nucleus using the anchor-away technique (Haruki et al. 2008) , we revealed that Esa1 and Gcn5 have a positive but nonessential role in transcription at individual genes. We also investigated the role of Mediator by rapid depletion of Med17, an essential subunit of the head domain. We found that Med17 anchoring leads to a partial loss of function that reveals a crucial role for Mediator-or at least its head domainat a small set of ∼200 genes whose promoters are characterized by a strong TATA-binding protein (TBP) ChIP signal, weak binding of TBP-associated factors (TAFs; forming TFIID), and little or no sensitivity to Esa1 depletion. Taking advantage of the chromatin endogenous cleavage (ChEC) technique (Schmid et al. 2004 ) combined with high-throughput sequencing (ChEC-seq) (Zentner et al. 2015) , we found that Mediator binding genomewide is enhanced by histone acetylation. Finally, we showed that two classes of growth-promoting "housekeeping" genes-the ribosome biogenesis (RiBi) genes and RPGs-display different sensitivities to variations in histone acetylation, with the RiBi genes being predominantly dependent on Esa1 and the RPGs being equally dependent on both Esa1 and Gcn5.
Results

HATs contribute differently, but neither is strictly required for transcription in growing cells
In order to investigate the role of the HATs Esa1 and Gcn5 in transcription, we first rapidly depleted the proteins from the nucleus in exponentially growing cells using the anchor-away technique (Haruki et al. 2008) by treating the cells with rapamycin for 60 min and then measured both histone acetylation and RNAPII binding genome-wide by ChIP-seq (Fig. 1A) . As a rough gauge of nuclear depletion efficiency, we measured cell growth of the anchor-away strains in solid medium containing rapamycin (Supplemental Fig. S1A ). As expected, rapamycin prevented colony formation of the Esa1-FRB strain and caused a slowgrowth phenotype of the Gcn5-FRB strain similar to that of a GCN5 deletion. A more direct measure indicates that Esa1 depletion was indeed efficient, since by ChIP we observed a massive genome-wide decrease in histone H4 acetylation (H4ac), with 5038 out of 5043 genes showing a decrease in promoter histone H4ac of >1.5-fold and an average decrease of 8.4-fold (Fig. 1B, left panel) . Furthermore, the effectiveness of Esa1 depletion was confirmed by the strong decrease in the recruitment of Epl1 (another subunit of NuA4), as measured by ChIP-qPCR (ChIP combined with quantitative PCR) (Supplemental Fig. S1B ). At the same time, depletion of Esa1 resulted in only minor changes in nucleosome occupancy, as measured by histone H3 ChIP-seq (Supplemental Fig. S1C ,D, left panel), or in nucleosome positioning, as measured by micrococcal nuclease (MNase) digestion followed by high-throughput sequencing (MNase-seq) (Supplemental Fig. S1E ). Although Esa1 acts directly on H4 and H2A, we also observed a significant although weaker decrease in H3ac upon Esa1 depletion (Supplemental Fig. S1C ,D, right panel). We note here that our determination of changes in histone acetylation, histone occupancy, and RNAPII binding all relied on normalization to a "spiked-in" control (Schizosaccharomyces pombe chromatin), which others have shown to be crucial to precisely quantify genome-wide changes in ChIP-seq experiments (Bonhoure et al. 2014; Chen et al. 2015; Hu et al. 2015) . Finally, RNAPII ChIP-seq was performed using an antibody that specifically recognizes the Ser5 phosphorlyated residue on the Rpb1 C-terminal domain (CTD), a modification of RNAPII associated with active transcription (Harlen and Churchman 2017) .
In contrast to the greater than eightfold average decrease in H4ac at promoters observed following Esa1 depletion, we observed a more modest decrease in RNAPII occupancy, with only slightly more than half of all genes (2736) down-regulated by >1.5-fold (Fig. 1B, right panel) . Importantly, though, there is a significant correlation (R = 0.64; P-value < 0.001, Mann-Whitney rank sum test) between the effect on H4ac and the effect on RNAPII levels induced by Esa1 nuclear depletion (Fig. 1C) , suggesting that Esa1's effect on transcription is dependent on its HAT activity.
In examining the genes most strongly affected by Esa1 depletion in terms of loss of H4ac and RNAPII binding, we noticed that many belong to the large suite of RiBi genes (Supplemental Table S2 ). Indeed, the 232 annotated RiBi genes (Jorgensen et al. 2004 ) displayed a highly significant correlation between the loss of H4ac and RNAPII binding (Supplemental Fig. S1F, left panel) . In contrast, the RPGs, although showing a strong but heterogeneous decrease in H4ac, displayed only a modest decrease in RNAPII levels that was not as strongly correlated with the loss of H4ac (Supplemental Fig. S1F, right panel) . This latter finding suggests that RPGs, unlike the RiBi genes, might achieve full expression through a more complex pattern of histone modifications.
Gcn5 nuclear depletion also resulted in a very significant genome-wide decrease in histone acetylation at promoter regions (in this case, measuring the K9 position of histone H3), consistent with previous findings in a gcn5Δ strain (Bonnet et al. 2014) . Nearly all genes (4968 out of 5043) were affected at least 1.5-fold, with an average decrease of threefold genome-wide (Fig. 1D , left panel; Supplemental Fig. S1G ). Consistent with effective Gcn5 depletion, binding of the SAGA subunit Ada2 was also strongly reduced (Supplemental Fig. S1H ). As was the case for Esa1, Gcn5 depletion does not affect either H3 occupancy or nucleosome positioning (Supplemental Fig.  S1G,I [left panel], J). Furthermore, Gcn5 acetylation is highly specific for histone H3, since only very few genes showed a >1.5-fold change in H4ac levels in Gcn5-depleted cells (Supplemental Fig. S1I, right panel) . This observation indicates that the recruitment and activity of Esa1 operates independently of Gcn5-mediated H3K9 acetylation (H3K9ac).
In contrast to Esa1, we found that Gcn5 depletion results in a relatively modest decrease of RNAPII binding, albeit at a large number of genes, consistent with its global effect on H3K9ac (Bonnet et al. 2014 ) and a recent report that measured transcription in gcn5Δ cells ). Thus, although we observed a genome-wide decrease in RNAPII binding upon Gcn5 nuclear depletion, only 525 genes displayed a >1.5-fold decrease (Fig. 1D , right panel; Supplemental Table S3 ). Nevertheless, the correlation between the changes in histone acetylation and RNAPII levels in Gcn5-depleted cells is highly significant (R = Esa1 (left) and Gcn5 (right) nuclear-depleted cells (calculated as log 2 ratio of nuclear-depleted vs. nondepleted cells) for 4682 genes categorized in TFIID-dominated and SAGA-dominated according to Huisinga and Pugh (2004). 0.48; P-value < 0.001 in a Mann-Whitney rank sum test) (Supplemental Fig. S1K ), as was the case for Esa1 depletion. Interestingly, we observed that while Esa1's primary targets are mainly TATA-less TFIID-dominated genes (Huisinga and Pugh 2004) , Gcn5-affected genes are equally distributed between previously defined TFIID-and SAGAdominated genes ( Fig. 1E; Supplemental Fig. S1L ), clearly indicating that Gcn5 does not exclusively function at the so-called SAGA-dominated genes even though these genes are indeed overrepresented among the group of 525 most strongly Gcn5-dependent (P = 8.1 × 10 −11 for SAGA-dominated vs. P = 1 for TFIID-dominated genes) (Supplemental Fig. S1M ).
Esa1 and Gcn5 enhance the transcriptional response to oxidative stress
To investigate possible roles for Esa1-or Gcn5-mediated histone acetylation in gene regulation, we decided to analyze the effect of Esa1 and Gcn5 depletion on the transcriptional response to oxidative stress induced by diamide. Diamide treatment has been shown to result in a rapid and dramatic reorganization of the yeast transcriptome, including activation of many general stress response genes and pervasive down-regulation of many growth-promoting genes (Gasch et al. 2000; Weiner et al. 2012 Weiner et al. , 2015 .
To this end, we depleted Esa1 and Gcn5 by anchor-away in exponentially growing cells (60 min of rapamycin treatment) and then treated the cells with diamide before harvesting them (5, 20, and 60 min after diamide addition) for RNAPII ChIP-seq analysis ( Fig. 2A ). As expected, diamide treatment induced rapid changes in transcription, with many genes up-regulated (1210) or down-regulated (746) by >1.5-fold only 5 min following treatment (Supplemental Fig. S2A , left panel). The maximum response to diamide was observed after 20 min (1348 genes up-regulated and 984 genes down-regulated), whereas, after 60 min, the number of affected genes was reduced (Supplemental Fig. S2A , middle and right panels). Importantly, the RNA-PII changes provoked by diamide were nearly identical (R = 0.98 at 20 min) in the two different anchor-away strains not treated with rapamycin, suggesting that the FRB-tagged proteins themselves do not significantly affect the response (Supplemental Fig. S2B ).
To quantify the effect of Esa1 and Gcn5 depletion on the diamide stress response, we considered only those genes whose expression level changed by >1.5-fold after 20 min of diamide treatment (both up-regulated and down-regulated). Furthermore, since both Esa1 and Gcn5 depletion led to reduced transcription of many genes prior to diamide addition ( Fig. 1) , we analyzed the kinetics of the diamide response by normalizing each time point to the t = 0 value. The diamide response in Esa1-depleted cells was overall quite similar to that observed in wild-type cells, with many genes being up-regulated and down-regulated, although to a different extent than in wild-type cells (Fig.  2B ). Because this analysis groups together >1000 induced genes, we performed a k-means clustering analysis on the RNAPII occupancy kinetics following diamide treatment. This revealed five groups of genes that differ in their magnitude and kinetics of response to Esa1 depletion as well as their gene ontology (GO) term enrichments ( Fig.  2C ; Supplemental Table S4 ). Although some sets of genes (clusters IV and V, enriched in genes implicated in organic substrate catabolic processes and protein complex assembly, respectively) showed a stronger dependence on Esa1 for their up-regulation, we were unable to identify any subset of genes that was not up-regulated in the absence of Esa1 (Fig. 2D) . Notably, clusters IV and V are enriched in TFIID-dominated genes, consistent with the observation (Fig. 1E , left panel) that Esa1 is more important for transcription regulation of these genes as opposed to SAGAdominated genes (Fig. 2E ). As expected, diamide treatment lead to down-regulation of many genes, including growthpromoting genes such as RPGs and RiBi genes. Genes down-regulated by diamide stress were slightly more affected in Esa1-depleted cells, with small differences observed between different subsets of growth-promoting genes ( Compared with Esa1, Gcn5 nuclear depletion had a minor effect on gene up-regulation in response to diamide, as the kinetics and magnitude of gene activation in the absence of Gcn5 were almost identical to wild type (Fig. 2G ). Contrary to Esa1 depletion, the effect of Gcn5 depletion was strongest on repressed genes, whose down-regulation following Gcn5 depletion was apparently dampened (Fig.  2H ). We caution, however, that we cannot rule out a role for Gcn5 in transcriptional elongation at these genes that masks the full extent of the initiation decrease at these genes. While k-means clustering identified subsets of genes with different sensitivities to nuclear depletion of Gcn5 for both diamide-up-regulated (Supplemental Fig. S2E ) and diamide-down-regulated (Supplemental Fig.  S2G ) genes, the differences in kinetics and the magnitude of the effects were relatively subtle (Supplemental Fig.  S2F ,H; Supplemental Tables S6,S7) .
Altogether, these results show that gene activation can occur under conditions of reduced histone acetylation, suggesting that histone acetylation has a positive but likely not essential role in gene transcription. Furthermore, analyzing the effects of Gcn5 nuclear depletion during diamide response revealed that Gcn5's role in transcription is not always positive and suggests that it might vary depending on specific promoter features and/or environmental conditions.
Role of the Nua4-SAGA shared subunit Tra1 and evidence for HAT redundancy in transcription Given the relatively modest effect of either Esa1 or Gcn5 depletion on RNAPII association, we speculated that these two HATs might have a partially redundant role in transcription. Testing this hypothesis by simultaneous anchoring of both proteins proved to be problematic, since a strain in which the two proteins were FRB-tagged displayed a strong growth defect even in the absence of rapamycin. We thus chose to deplete the only shared subunit of SAGA and NuA4 complexes: the essential protein Tra1 (Supplemental Fig. S3A ). To verify that Tra1 nuclear depletion impairs both SAGA and NuA4 function, we measured H3K9ac and H4ac levels. As expected, Tra1 depletion led to a significant decrease in both H3K9ac and H4ac (3459 and 5038 genes affected >1.5-fold, respectively) with essentially no effect on H3 occupancy (Fig.  3A , left and middle panels; Supplemental Fig. S3B,C) . Although these effects are qualitatively similar to the sum of those observed for Gcn5 and Esa1 anchoring, their magnitude is reduced (Supplemental Fig. S3D,E) . This might be explained by two nonexclusive possibilities: (1) a decreased efficiency of Tra1 anchoring compared with that of either HAT or (2) delivery of HAT activity in the absence of Tra1 targeting in the case of Gcn5 through the ADA subcomplex (Grant et al. 1997 ) and for Esa1 through picNuA4 (see below; Boudreault et al. 2003) . Importantly, ChIP-qPCR of Esa1 and Gcn5 in Tra1 nuclear-depleted cells revealed a clear decrease in Esa1 binding to two RPG promoters, while the effect on Gcn5 binding was much more modest (Supplemental Fig. S3F ), suggesting that Gcn5 can still associate at least to some promoters in a Tra1-independent fashion.
Consistent with the more modest decrease in histone acetylation caused by Tra1 nuclear depletion, we observed a concomitant decrease in RNAPII recruitment at fewer genes than would be expected from a simple superposition of Esa1 and Gcn5 depletion effects (544 decreased >1.5-fold) (Fig. 3A, right panel) . Thus, although the overlap between Tra1-affected genes and those affected by either Gcn5 or Esa1 depletion is highly significant, many HAT target genes were not identified as Tra1 targets at the >1.5-fold cutoff (Fig. 3B) . Nevertheless, the decrease in RNAPII binding seen in Tra1-depleted cells correlated well with that observed in either Esa1-depleted (R = 0.48) or Gcn5-depleted (R = 0.53) cells (Supplemental Fig. S3G ), as expected.
Considering those genes whose RNAPII binding was affected by Tra1 depletion above the 1.5-fold threshold, we found that 82% of them were also Esa1 targets, whereas only 33% were similarly affected by Gcn5 depletion (Fig.  3B) . Thus, the genes whose RNAPII recruitment is most affected by Tra1 nuclear depletion are the genes that are most sensitive to a decrease in Esa1-driven H4ac (Fig.  3C ) either because Tra1 depletion more efficiently removes NuA4 compared with SAGA or because the ADA subcomplex promoter binding is more prevalent than that of Piccolo-NuA4. GO analysis of these genes revealed a significant enrichment for RiBi genes, genes involved in RNA metabolism and processing, and, last, RPGs (Supplemental Table S8 ).
Our finding that Tra1 depletion appeared to more fully capture the effect of Esa1 depletion compared with that of Gcn5 suggests that a significant amount of Gcn5 may have remained nuclear under these conditions, actively acetylating promoter nucleosomes in the context of either the full SAGA complex or the ADA subcomplex. We thus performed a Tra1-Gcn5 double-depletion experiment to better address the issue of HAT redundancy. This resulted in a similarly massive loss of H4ac compared with Esa1 depletion and a markedly more robust decrease in H3K9ac than that observed for Tra1 depletion alone (4.4-fold average decrease compared with three-and 1.8-fold for Gcn5 or Tra1 depletion alone, respectively) (Fig. 3D) . What was particularly striking was the transcriptional effect of this double depletion (Fig. 3D,E) , where we observed a >1.5-fold decrease at 4783 genes and an average fold decrease of 3.1-fold. Significantly, the double-depletion effect was more than additive at the vast majority of genes (4742 of 4783) (Fig. 3E) , indicative of a synergistic effect of H4ac and H3K9ac on transcription genome-wide.
Requirement for the Mediator head module is most pronounced at a set of genes with high TBP binding
We next turned our attention to Mediator and performed anchor-away nuclear depletion of an essential subunit of the head module, Med17, whose loss is expected to destabilize the entire head module (Supplemental Fig. S4A ; Takagi et al. 2006) . Genome-wide RNAPII ChIP-seq following 1 h of Med17 depletion revealed a widespread drop in RNAPII binding but with only 315 genes exceeding a >1.5-fold decrease ( Fig. 4A; Supplemental Fig. S4B ). In line with this relatively mild effect, we found that Med17 depletion had only subtle effects on apparent promoter nucleosome occupancy and position, as determined by MNase mapping (Supplemental Fig. S4C ). These results were surprising given previous reports showing that essentially all RNAPII transcription is strongly reduced in a med17-ts mutant at the nonpermissive temperature (Holstege et al. 1998; Paul et al. 2015; Plaschka et al. 2015) . Although Med8 binding (as measured by Med8-MNase ChEC-seq) was strongly reduced in the Med17 anchor-away strain following rapamycin addition, indicating that efficient nuclear depletion of at least the head module of Mediator had been achieved (Supplemental Fig. S4D,E) , we cannot rule out the possibility that small amounts of Mediator remain in the nucleus and are sufficient to drive normal levels of transcription at most genes. Consistent with this idea, Mediator appears not to be limiting for Figure 1B . (E) Box plots showing RNAPII change in Gcn5, Tra1, and Gcn5 and Tra1 nuclear-depleted cells (calculated as log 2 ratio of nuclear-depleted vs. nondepleted cells) for 4783 genes, divided according to the effect of Gcn5 and Tra1 double depletion in "additive effect" (41 genes; top panel) and "synergistic effect" (4742 genes; bottom panel).
most transcription (Grunberg et al. 2016) . In any event, we conclude that Med17 anchoring leads to a partial loss-offunction (hypomorphic) phenotype that provides a unique opportunity to identify those genes whose expression is most strongly dependent on Mediator (see the Discussion).
In accord with previous findings (Ansari et al. 2009 ), we observed that Med17 depletion modestly reduced RNAPII association at both RPGs and RiBi genes. In contrast, the most strongly affected genes were primarily members of the SAGA-dominated gene group (Supplemental Fig.  S4F ; Huisinga and Pugh 2004) that are characterized by a conserved TATA box and weak Taf1 binding ( Fig. 4B ; Rhee and Pugh 2012) . These genes tend to be highly transcribed and are associated with metabolic functions, as revealed by GO analysis (Supplemental Table S9 ). Interestingly, these genes displayed the highest levels of both TBP (ChIP-seq) and Med8 (ChEC-seq) binding in genome-wide analyses (Fig. 4C) .
Low histone acetylation impairs Mediator binding to UASs but not transcription
Since previous studies have pointed to general functions of Mediator and the major HATs Gcn5 and Esa1 in global transcription, we further explored possible functional relationships between these two classes of coactivators. To determine whether the recruitment of Mediator to UASs is dependent on histone acetylation, we used ChEC-seq to measure Med8 binding in cells depleted of either Esa1 or Gcn5 (Fig. 4D ). For comparison of control and anchor-away conditions, we considered the 2000 UAS regions with the strongest Med8 ChEC-seq signal in order to avoid artifacts due to background variability at UASs with very low signal. Depletion of Esa1 led to an overall genome-wide decrease in Med8 binding to UASs (Fig. 4D [top panel], E [left panel]), suggesting that Esa1-mediated histone acetylation generally promotes Mediator association with the genome. Interestingly, there was no correlation between the decrease in Med8 binding to the UAS and the decrease in RNAPII binding on the gene body (Pearson R = 0.096) (Supplemental Fig. S4G , left panel), consistent with previous findings suggesting a broad uncoupling between Mediator UAS occupancy and transcription level (Grunberg et al. 2016) . A similar global decrease, although to a lesser magnitude, was observed with Gcn5 anchor-away (Fig. 4E, right panel) . As for Esa1 depletion, there was no correlation between the reduction of Med8 at UASs and RNAPII binding (Pearson R = 0.028) (Supplemental Fig. S4G, right panel) . Our results show that Mediator recruitment is generally stimulated by histone acetylation.
Coactivator usage defines five specific promoter classes
To obtain a more comprehensive genome-wide picture of the genes regulated by the coactivators that we examined (Esa1, Gcn5, Tra1, and Med17), k-means clustering analysis of the effect of their depletion on RNAPII binding was performed. Strikingly, this analysis revealed five distinct clusters of genes ( Fig. 5A; Supplemental Fig. S5A,B) whose unique features are discussed in more detail below. One feature that distinguishes the clusters, based on which we ordered them, is expression level. Clusters 1 and 2, which comprise more than half of all yeast genes, display the lowest average expression. Clusters 3 and 4 show moderate to high expression, whereas cluster 5 contains only 246 predominantly highly expressed genes ( Fig. 5B ; Supplemental Fig. S5C ).
Cluster 1 genes (709 in total) are characterized by a relative lack of response to depletion of Esa1, Tra1, or Med17. However, like all genes, cluster 1 genes are modestly but uniformly affected by Gcn5 depletion. GO analysis showed that this group is enriched in genes involved in stress-related processes (Supplemental Table S10 ), consistent with promoter enrichment for the DNA-binding motifs of two stress-related TFs: Msn2 and Msn4 (P-value 2.2 × 10 −12 ). This may explain their low transcription levels in standard growth conditions (measured by nascent elongating transcript sequencing [NET-seq] [Churchman and Weissman 2011] or RNAPII ChIP-seq [ Fig. 5B ; Supplemental Fig. S5C]) . Cluster 2 genes (2407 in total) represent almost half of the RNAPII transcriptome and differ from cluster 1 genes by a much stronger dependence on Esa1 and a-probably related-slight increase in Tra1 dependence. Cluster 3 genes (712 in total) are the genes most strongly affected by both Esa1 and Tra1 depletion. As pointed out above, this cluster is highly enriched in genes involved in ribosome biogenesis (190 out of 232 RiBi genes are in cluster 3; P-value 1.25 × 10 −83 ) (Fig. 5C ) and RNA-related processes (P-value 1.72 × 10 −93 ) (Supplemental Table S10 ). RiBi gene promoters are characterized by the presence of two well-conserved motifs named PAC and RRPE (Hughes et al. 2000; Wade et al. 2001) . Not surprisingly, cluster 3 gene promoters are enriched for both motifs (Supplemental Fig. S5D ). Cluster 4 genes (962) are characterized by a very similar response to depletion of all four coactivators. These genes are predominantly classified as TFIID-dominated (Supplemental Fig. S5E ) and are moderately to highly transcribed ( Fig. 5B; Supplemental  Fig. S5C ). The cluster is enriched in the so-called "growth-promoting" genes, specifically those involved in "cytoplasmic translation" (Supplemental Table S10 ), and RPGs are part of this cluster (132 out of 137 RPGs) (Fig. 5D ). Finally, cluster 5 is comprised of a small set of 246 genes that are strongly affected by Med17 depletion. Notably, like all genes, this subset of genes responds modestly to Gcn5 depletion but not to either Esa1 or Tra1 depletion. Interestingly, expression of cluster 5 genes, like that of those in cluster 1, shows little dependence on Esa1 despite the fact that, in both cases, H4ac is decreased when Esa1 is depleted (Supplemental Fig. S5F , G). Cluster 5 genes are highly transcribed ( Fig. 5B ; Supplemental Fig. S5C ) and are characterized by strong promoter TBP binding and a well-defined TATA box (Fig. 5E,F) . Importantly, this cluster of genes is classified as being Taf1-depleted ( Fig. 5F ; Huisinga and Pugh 2004; Rhee and Pugh 2012) . This suggests that when Mediator is essential for transcription, HAT activity at the promoter-particularly that of Esa1-plays little or no role in expression. Notably, genes in cluster 5 displayed the highest average Med8 enrichment at the UASs (Supplemental Fig. S5H ), consistent with previous findings (Grunberg et al. 2016) . The UASs of genes associated with clusters 1 and 4 displayed moderate to average Med8 signal, while this signal was notably lower at cluster 2 and 3 genes (Supplemental Fig. S5H) .
Overall, this analysis highlights some important features of the yeast RNAPII transcriptome: (1) Gcn5 is important for transcription of virtually all genes, (2) Esa1 controls transcription of the majority of genes but to a more variable extent than does Gcn5, and (3) Mediator is particularly critical for transcription of a well-defined and small group of genes whose expression is largely independent of Esa1.
Discussion
The SAGA HAT Gcn5 plays a genome-wide role in transcription Contrary to expectation when we began this work, we found that Gcn5 nuclear depletion leads to decreased RNAPII association at most yeast genes, albeit to a relatively modest extent, with only ∼500 genes showing a reduction >30%. Our findings are consistent with a recent report ) in which comparative dynamic transcriptome analysis (Sun et al. 2012 ) was used to measure transcription in a gcn5Δ strain and suggest that Gcn5 has a more general but modest role in transcription than previously thought. It is worth noting that Baptista et al. (2017) observed stronger effects in other SAGA deletion mutants (spt7Δ and spt20Δ) and upon anchor-away of Spt7. This difference might stem from the fact that these genetic perturbations lead to a complete disassembly of the SAGA complex (Lee et al. 2011) , whereas Gcn5 anchor-away does not , thus permitting promoter targeting, deubiquitinylation, and TBP-interacting functions of SAGA to operate. We found that although Gcn5 depletion resulted in a comparable decrease of RNAPII association at TFIID-dominated and SAGA-dominated genes, those genes most strongly affected (i.e., >1.5-fold decreased) were in fact biased toward the SAGA-dominated class, consistent with the early findings of Pugh and colleagues (Basehoar et al. 2004; Huisinga and Pugh 2004) . Interestingly, we noted an apparently repressive effect of Gcn5 at genes that are down-regulated by diamide treatment (Fig. 2H ). At present, we cannot rule out the possibility that this reflects a positive role of Gcn5 in transcriptional elongation that masks a decrease in initiation rate rather than a genuine role for Gcn5 in repression of these genes upon stress. Indeed, Gcn5 has been implicated in RNAPII elongation (Govind et al. 2007 ). On the other hand, Gcn5 has also been shown to down-regulate transcription following glucose induction of RPGs through acetylation of a nonhistone target, the Ifh1 activator (Downey et al. 2013) . Additional work will be required to decipher the precise role of Gcn5 during stress, which could be multifaceted.
Even though we observed a quantitatively greater effect of Gcn5 depletion on H3K9ac compared with depletion of Tra1, it is unclear whether this is due to more efficient depletion of Gcn5, action of Gcn5 in the absence of Tra1, or both. Future quantitative binding analysis of Gcn5 and unique ADA complex subunits following Tra1 depletion may resolve this issue. We note that Tra1, which is not essential in S. pombe, regulates only a subset of SAGA-dominated genes in this yeast (Helmlinger et al. 2011) . It is thus tempting to speculate that, in budding yeast, Gcn5 may act at some genes in the absence of Tra1 targeting, presumably through the ADA complex.
Promoter type specificity of Esa1 action
Consistent with its requirement for viability, we found that Esa1 depletion has a considerably stronger effect on RNAPII association than does Gcn5 at a large number of genes. Furthermore, and unlike Gcn5, Esa1 has a relatively variable effect, with two groups of genes (clusters 1 and 5) displaying essentially little or no Esa1 dependence and three groups (clusters 2-4) displaying moderate to strong dependence. This distinction is correlated with a relatively high TATA-box frequency and low Taf1 binding in clusters 1 and 5 and the opposite in clusters 2-4. Taken together, these findings suggest that NuA4 action is associated with a TFIID mode of TBP recruitment and PIC assembly. This observation is consistent with the fact that the TFIIDassociated proteins Bdf1 and Bdf2 (and the Taf1 subunit in humans) (Jacobson et al. 2000) contain two bromodomains, known to bind specific acetylated lysines on histone H4 (Matangkasombut et al. 2000) . Conversely, at promoters where TFIID and Esa1 are less important, transcription levels are either low (cluster 1) or high and are dependent on the Mediator head module (cluster 5). In summary, our findings suggest the existence of two promoter types associated with low expression (NuA4-dependent and NuA4-independent) and three distinct strategies leading to moderate or high expression levels (Fig. 6) .
What might distinguish the different NuA4-responsive clusters (2-4)? We note that cluster 2 is relatively more dependent on Esa1 than Tra1, suggesting that these genes may engage Esa1 in the absence of Tra1 (presumably through picNuA4) more frequently than genes in clusters 3 and 4. This may reflect more prevalent recruitment of NuA4 to promoters of genes in clusters 3 and 4 through specific TF interactions with Tra1, which is generally considered to be a NuA4 (or SAGA) recruitment module. Alternatively, or in addition, cluster 2 promoters may display features absent from cluster 3 and 4 promoters that favor the recruitment and/or action of picNuA4. To further evaluate these models and clarify the role of Esa1 in transcription, it may be useful to develop quantitative measures of Esa1 and picNuA4 promoter binding in both wild-type and Tra1-depleted cells.
Evidence for widespread HAT redundancy in transcription
Given the genome-wide role of Gcn5 reported here and elsewhere (Bonnet et al. 2014; Baptista et al. 2017 ) and the requirement of the NuA4 HAT Esa1 for viability, we were surprised to find that the significant reduction (average threefold) in histone acetylation provoked by anchoring of either acetylase had a quantitatively smaller effect on transcription genome-wide in growing cells either under steady-state conditions or during a transcriptional response to stress. Interestingly, Gcn5-Tra1 double depletion, which resulted in a stronger reduction in H3K9ac than was achieved by either single depletion, led to a more pronounced down-regulation of the vast majority of genes that was greater than an additive effect of the two single depletions. This finding indicates that transcription responds in a nonlinear fashion to a severe loss of histone acetylation. We suggest two nonexclusive explanations for this observation, the first of which is related to the long-standing in vitro finding that acetylation disfavors chromatin compaction and may thus promote a more open conformation that increases PIC assembly or subsequent steps in transcription initiation (Garcia-Ramirez et al. 1995; Tse et al. 1998; Shogren-Knaak et al. 2006 ). Alternatively, a minimum level of acetylation might be required to promote binding through acetyl lysine-interacting bromodomains that are common to several coactivators or coactivator complexes (Dhalluin et al. 1999) .
Our data provide evidence for another general function of HATs that may not directly affect transcription. Using ChEC-seq, we show that acetylation of histones H4 by Esa1 and, to a lesser extent, H3 by Gcn5 enhances for Mediator recruitment to UASs in vivo. The function of widespread UAS binding of Mediator remains unclear, but previous studies (Grunberg et al. 2016; Soutourina 2018) strongly suggest that Mediator occupancy and expression levels are broadly uncoupled, with the exception of highly transcribed genes.
A small set of TATA-box-containing genes is strongly dependent on Mediator Med17 is one of 10 essential subunits of Mediator. Transcriptomic analysis of a med17-ts strain revealed a strong genome-wide impairment of transcription at a nonpermissive temperature (Holstege et al. 1998; Paul et al. 2015; Plaschka et al. 2015) , highlighting the importance of the Mediator head module for transcription of most genes. While measurements of additional med17-ts alleles yielded more heterogeneous results (Eyboulet et al. 2015) , recent auxin-induced degradation of the critical Mediator subunit Med14 revealed that a functional Mediator complex is required for transcription of all genes (Warfield et al. 2017) . Thus, given that Med17 is essential for viability, our finding that its nuclear depletion strongly reduced RNAPII binding at only a small set of highly transcribed TATA-box-containing genes with high levels of TBP binding was unexpected. However, data from a recent study (Petrenko et al. 2017 ) that also reported RNAPII ChIP-seq measurements following nuclear depletion of Med17 correlate well with our data (see Supplemental  Fig. S6A,B) . In agreement with our findings, Petrenko et al. (2017) show that SAGA-dominated genes are most strongly affected by Med17 anchoring. Furthermore, analysis of data for TFIIB binding in Med17-depleted cells (Jeronimo and Robert 2014) revealed a strong correlation with our RNAPII results (Supplemental Fig. S6A,B) . Finally, depletion of another essential Mediator head subunit, Med22 (Srb6), leads to a transcriptional phenotype very similar to that of Med17 depletion (Supplemental Fig.  S6C ; Petrenko et al. 2017) . Taken together, our data strongly suggest that Med17 depletion generates a Mediator hypomorph phenotype (partial loss of function) that allowed us to uncover those genes most strongly dependent on Mediator activity.
Variable deployment of coactivators at distinct gene groups drives PIC assembly and transcription
Our work provides striking evidence that despite their widespread roles in transcriptional activation, coactivators may exhibit different functions at specific gene groups, determining their expression levels under steadystate growth and their regulatory responses to stress.
For example, RPGs and RiBi genes, prominent members of two major gene clusters, differ in their requirement for NuA4 activity. Even though Esa1 is required for expression of >80% of genes, genes in cluster 3 are significantly more dependent on NuA4 compared with genes in cluster 4 despite comparable expression levels, TBP and Taf1 occupancy, and TATA-box content. This finding suggests the existence of an important and specific function for NuA4 at cluster 3 genes. We speculate that as yet unidentified cluster-specific UAS and promoter features other than simply the quality of the TATA sequence element may determine these distinct dependencies, which might be related to the acceleration of additional rate-limiting steps at these genes.
Another example of coactivator specificity is the strong sensitivity for Mediator that we observed for a small cluster of highly expressed TATA-box-containing genes. Interestingly, this group of genes is largely unaffected by Esa1 depletion and is highly overlapping with a group of genes recently shown to have a relatively low TFIID dependence (cluster 1 in Warfield et al. 2017) . We also found significant overlap of the weakly TFIID-dependent genes identified by Warfield et al. (2017) with our cluster 1 genes, which are also essentially unaffected by Esa1 depletion (Supplemental Table S11 ). Thus, at promoters where TFIID and Esa1 are less important, transcription levels are either low (cluster 1) or high and strongly dependent on Mediator activity (cluster 5). In summary, our findings suggest the existence of two promoter types associated with low expression (one NuA4-independent [cluster 1] and one NuA4-dependent [cluster 2]) and three moderately to highly expressed promoter types that show distinct requirements for coactivator functions (clusters 3-5) (Fig. 6) .
Recent data suggest that TFIID and SAGA have important functions for transcription initiation at all genes Warfield et al. 2017) . Our findings extend this picture to other transcriptional coactivators (NuA4 and Mediator) and provide evidence for distinct roles of these coactivators at different gene groups (Fig. 6) . We suggest two general mechanistic interpretations of these findings. One hypothesis is that at genes strongly Mediator-dependent but unresponsive to NuA4 (cluster 5), TBP deposition and PIC formation are preferentially facilitated by SAGA, which may require Mediator for its stable recruitment (Govind et al. 2005; Qiu et al. 2005) . The particularly strong requirement for Mediator at these genes may reflect the fact that SAGA, unlike TFIID (Louder et al. 2016), does not independently bind promoter DNA. In contrast, we propose that TBP recruitment and PIC assembly at all other genes most often occur through a NuA4-and TFIID-facilitated pathway that operates independently of SAGA. An alternative scenario is that SAGA, Mediator, and NuA4-TFIID directly facilitate every PIC formation event at all promoters. In both interpretations, we imagine that a combination of gene-specific TFs, chromatin remodelers, histone mark "readers," and other factors-probably determined by yet unknown cluster-specific UAS and/or promoter elements-determines which coactivator combinations most strongly influence the rate of PIC formation at the different promoter types that we identified. It is worth pointing out in this regard that mechanisms underlying the activation of the significant fraction of yeast genes whose expression is linked to growth rate (so-called "housekeeping" genes) are still poorly understood. A better understanding of the factors and promoter DNA signals that operate at these genes may be an important step in deciphering the rules governing coactivator usage that we describe here.
Materials and methods
Yeast strains
Yeast strains used in this study are listed in Supplemental  Table S1 .
Growth assay
Tenfold serial dilutions of log-phase growing cells (OD 600 = 0.3) were spotted on plates containing complete medium with or without 1 µg/mL rapamycin. Plates were imaged after 24 and 48 h of growth at 30°C.
Anchor-away, diamide treatment, and cross-link Anchor-away experiments were performed as described in Haruki et al. (2008) . Log-phase growing cells (OD 600 = 0.3-0.4) were treated with 1 µg/mL rapamyicin (resuspended in 90% ethanol, 10% Tween-20) for 60 min before collection unless indicated otherwise. For Gcn5 and Tra1 double anchor-way, cells were treated with rapamycin for 120 min. For diamide stress experiments, cells were treated with 1.5 mM diamide (from 1 M stock in TE buffer), collected at the indicated time points, and then crosslinked.
ChIP-qPCR and ChIP-seq
After cross-linking, ChIP-qPCR and ChIP-seq were performed as described in Ribaud et al. (2012) with the following modifications for ChIP-seq. A defined amount (5% of total chromatin) of crosslinked and sonicated chromatin from S. pombe was added to S. cerevisiae chromatin prior to the immunoprecipitation step. Following steps in the ChIP protocol were performed as described in Ribaud et al. (2012) . ChIP was performed using the following antibodies: for histone H3 ChIP, Abcam ab1791; for histone H3K9ac, Millipore 07-352; for histone H4ac, Millipore 06-866; for RNAPII, Abcam ab5131; for Flag, Sigma F3165; and for Myc, a homemade antibody (clone 9E10). DNA libraries where prepared using TruSeq Illumina kit according to the manufacturer's instructions and sequenced in single-end mode on the Illumina HiSeq 2500 platform at the Institute of Genetics and Genomics of Geneva (iGE3; http://www.ige3.unige.ch/genomics-platform. php). For ChIP-qPCR, primer sequences are available on request.
ChIP-seq: mapping, spike control normalization, and data analysis FASTQ files were mapped to the sacCer3 and the 972-h pombe genome assemblies using HTS Station (http://htsstation.epfl.ch) (David et al. 2014) , and reads that mapped to both genomes were discarded. For each sample, reads mapped uniquely to the sacCer3 genome were first normalized to the total number of mapped reads in sacCer3 and then to the total number of uniquely mapped reads in 972-h pombe in the same sample as described in Hu et al. (2015) . For RNAPII, the signal was quantified for each gene between the transcription start site (TSS) and transcription termination site (TTS). For H3, H3K9ac, and H4ac, the signal was quantified in a window of 500 base pairs (bp) centered on the TSS. A list of TSSs and TTSs for each gene was obtained from van Bakel et al. (2013) . To compare depleted versus nondepleted cells, we divided the signal from the +rapamycin sample by the one from the −rapamycin sample and log 2 transformed this value. All data from publicly available databases were mapped using HTS Station (http://htsstation.epfl.ch) (David et al. 2014 ).
Motif search
Motif search was performed using the DREME algorithm (Bailey 2011) . For each cluster, promoter sequences (400-bp-long sequences upstream of the TSS) were used as input, and analogous sequences randomly selected among the other clusters were used as controls. Comparison of the identified motifs with binding sites for known DNA-binding proteins was performed with the TOM TOM algorithm (Gupta et al. 2007 ). The FIMO algorithm (Gupta et al. 2007 ) was used to determine the distribution of the PAC and RRPE motifs (Hughes et al. 2000; Wade et al. 2001) in the promoters (defined as the 400-bp-long sequence upstream of the TSS).
Heat maps and plots
The heat maps in Figure 4C and the scatter plots in Figure 1C and Supplemental Figures S1I; S2B; S3, D-F; S4G; and S6B were generated using EaSeq (http://easeq.net) (Lerdrup et al. 2016) . In all of the box plots, the box shows the 25th-75th percentile, whiskers show the 10th-90th percentile, and dots show the 5th and 95th percentiles. R-values for all correlation measurements are the Pearson's correlation coefficients. Statistical significance of difference between groups was evaluated using the Mann-Whitney rank sum test.
MNase-seq
MNase digestion, DNA isolation, and library preparation were performed as described in Kubik et al. (2015) . Libraries were sequenced in paired-end mode on the Illumina HiSeq 2500 platform at the iGE3 genomics platform of the University of Geneva. Mapping of paired-end reads and data analysis were performed as described in Kubik et al. (2015) .
